Abstract-We report design of a high static performance on-off optical switch using nanoscale phase change material G e 2 Sb 2 Te 5 embedded into silicon-on-insulator waveguide. This active material can be switched between amorphous and crystalline states using electrical/optical pulses. The fundamental mode propagating through Silicon waveguide drastically alters its properties due to high index change at Si − G e 2 Sb 2 Te 5 interfaces and absorption in G e 2 Sb 2 Te 5 . The optical switch made of Silicon waveguide with G e 2 Sb 2 Te 5 of volume 400 nm × 180 nm × 450 nm (length × height × width) embedded in to it, provides high extinction ratio of 43 dB with low insertion loss of 2.76 dB in ON state at communication wavelength of 1550 nm. There is trade-off between insertion loss and extinction ratio. For 10 dB extinction ratio, The insertion loss can be as low as 1.2 dB and corresponding active volume is also pretty low (100 nm × 150 nm × 450 nm (length × height × width)). Further, spectral response investigations reveal that this switch maintains extinction ratio more than 30 dB in wavelength span 1500-1600 nm. The high static performance of optical switch reported here is a direct result of proper dimensional engineering of active volume as well as its incorporation into the silicon-on-insulator waveguide. We also propose figure-ofmerit for non volatile optical switches that takes into account relevant parameters of static performance.
I. INTRODUCTION
I ntregated photonic circuits are the way forward for the futuristic communication systems that have potential to overcome the limitations electronic communication systems are facing today, such as latency between processor and memory (Von Neumann bottle neck), high power consumption, and limited bandwidth [1] . Conventional copper interconnects have limitations of loss, speed and cross talk as the density of interconnects increases [2] . Silicon photonics platform is the leading candidate for inter-and intra-chip communication primarily due to low cost and high yield fabrication availability since it can take advantage of highly developed CMOS manufacturing process used in silicon (Si) microelectronics industry [3] . Silicon photonic switches are in great demand to realize Si based photonic integrated circuits as they offer high switching performance like high modulation and picosecond switching time [4] . For miniaturization of switching devices with high performance, researchers utilized resonant geometries such as ring resonator and photonic crystals. But these devices have low fabrication tolerances, operate
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LGST Lout in a narrow spectral bandwidth range, and require active temperature control due to high temperature sensitivity [5] . Further reduction in footprint can only be done by reducing active ( switching ) volume and at the same time it is also desirable to have high extinction ratio (ER), low power consumption, low insertion loss (IL), and suitability for broadband operation. Recently, phase transition process has been utilized in optically active chalcogenide materials to realize integrated optical switches [6] . Due to their nonvolatile nature, phase change materials (PCM) are suitable candidate for on-chip optical devices that will consume lesser power. PCMs like Ge 2 Sb 2 Te 5 can be switched rapidly and repeatedly between amorphous and crystalline phases by the application of short electrical/optical pulses [7] , [8] . PCMs have several prominent properties such as high optical contrast between amorphous and crystalline state, phase transition time of sub-nanoseconds [9] , compatibility with CMOS manufacturing process [10] , and extreme Scalability [11] , which make PCMs ideal candidate for chip scale active photonic devices. In the work reported here, a phase change material Ge 2 Sb 2 Te 5 (commonly known as GST) is embedded into a Si strip waveguide in different configurations to realize an ultra-small non-resonant and high static performance onoff switch. In the research work reported earlier [6] , [12] , [13] GST was placed on top of Si waveguide and weak evanescent field coupling was exploited to induce phase transition. Such an approach results in larger switching power and larger active volume. In the approach taken by us, maximum interaction of light with extremely low active volume happens. This paves the way for low power consuming optical switches that can be built using GST for application in Si photonics integrated circuits.
II. DESIGN AND SIMULATIONS
For designing a GST based photonic switch, siliconon-insulator (SOI) platform is chosen. The Si waveguide is single mode at wavelength of 1550 nm and has a cross-section of 450 × 220 nm 2 , and rests on 2 µm thick Si O 2 substrate. Figure 1 shows the schematic views of the proposed optical switch, where phase change material GST in three different ways is incorporated into Si strip waveguide. To incorporate GST, Si is removed either fully or partially in the middle of the waveguide. In the schematic diagrams, H GST and H Si denote height of GST and Si, respectively; in the etched part of the waveguide. The length of GST is denoted by L GST while waveguide length before and after etched part is denoted by L in and L out respectively. In first configuration, Fig. 1 (a), fully etched Si waveguide is filled with GST having the same cross-section as that of Si waveguide and GST length is varied. In second configuration, Fig. 1 [14] , where n and k denote real and imaginary part of refractive index respectively. The phase change material GST embedded into Si strip waveguide affects the propagating mode depending upon the phase of this material. The light launched from input port traverse L in length in Si waveguide then interacts with GST, and traverse L out in the Si waveguide before reaching output port. In crystalline phase, due to the large value of extinction coefficient, GST behaves as a lossy waveguide and propagating mode suffers large attenuation as most of the light gets absorbed into it. In contrast, mode propagates with lesser attenuation in the amorphous phase due to smaller value of extinction coefficient as compared to that of crystalline phase. Therefore, amorphous and crystalline phases of GST corresponds to ON and OFF state of the switch, respectively. The dimensions of GST are optimized in order to achieve acceptable IL, high ER and ultra low footprint. In order to find best possible configuration of the switch following steps are followed. First, transmission is calculated for all three cases by dimensional variation as described earlier in this section. The transmission data obtained, for each case, for amorphous and crystalline phase of GST is used for calculation of ER = 10log(T ON /T OF F ), where T ON and T OF F denotes transmission corresponding to amorphous and crystalline phase of GST, respectively. Same transmission data is used for calculation of IL. In our case IL is defined as 10log T ON . For the configuration that gives highest ER and suitable for fabrication, spectral response is calculated in wavelength span of 100 nm around central wavelength of 1550 nm.
III. RESULTS
To numerically investigate the dependence of switch parameters IL and ER on the dimensions of GST film, simulations are performed for both amorphous and crystalline phase for various physical configuration of switch. Results of the first set of simulations that correspond to the Fig. 1(a) are shown in Fig. 2 . In this case embedded GST length L GST is varied from 0 to 2 µm along the direction of mode propagation at the intervals of 100 nm while keeping cross-section same as that of Si waveguide. When light propagating in Si waveguide reaches etched part filled with GST, losses occur due to absorption in GST and reflections at Si-GST interfaces. These losses are higher in case of crystalline GST (c-GST) as compared to those in amorphous GST (a-GST). This is due to imaginary as well as real part being much higher for c-GST than those for a-GST. Consequently, transmission through waveguide decreases exponentially as a function of GST length in case of a-GST. However, due to highly lossy nature of crystalline phase, transmission decreases much sharply as length increases. The percentage transmission for both the phases is plotted in Fig. 2(a) , and values of IL and ER are shown in Fig. 2 (b) and 2(c), respectively. We observed highest ER of 34.73 dB at L GST = 700 nm at the expense of quite high IL of 4.3 dB. Such a high value of IL is undesirable when it comes to minimize overall power consumption of the device. In the second set, Si waveguide is completely etched and GST is embedded in the channel with variation of height H GST [ Fig.1(b) ] from 0 to 220 nm at different values of L GST from 100 to 500 nm. Results of the second set of simulations are shown in Fig. 3 .These simulations clearly exhibit dependence of ER and IL on the GST height. It may be seen that IL decrease steadily for the value of H GST < 80 nm and then become constant for each value of L GST . This saturation of IL is due to the mode supported at height 80 nm and above in the GST film. Figure 3(b) illustrates ER trend. The maximum ER of approximately 49.22 dB is obtained at L GST = 500 nm and H GST = 90 nm with IL of 3.25 dB. This configuration of switch with GST height 90 nm gives the highest ER, but deposition of metal electrode on top of GST will result in large loss in amorphous phase because mode propagating through the waveguide will pass through the metal electrode. Subsequently IL will considerably increase in amorphous phase. To remove these limitations we partially etched Si waveguide and filled empty space with GST as shown in Fig. 1(c) . In this case, Fig. 1(a) 2971.66 2.69 6.93 1.59 Fig. 1(b) 97723.72 2.11 2.02 229.28 Fig. 1(c) 19952.62 1. Table I . At last, spectral response of ER is calculated for optimized geometry of switch, that corresponds to Fig. 1(c) to find its suitability for broadband operation. As shown in Fig. 5 , the values of ER more than 30 dB are obtained for wavelength span of 100 nm around communication wavelength 1550 nm.
To demonstrate the working of designed optical switch, absolute value of electric field profile is plotted for optimized geometry of GST on partially etched Si waveguide and same is shown in Fig. 6 . The refractive index contrast between amorphous and crystalline phases of GST results in different electric field profile of propagating mode and therefore different output power at the end of waveguide. In amorphous phase Fig. 6(a) , mode propagate through the GST without any appreciable attenuation due to smaller value of extinction coefficient and thus with high transmission depicts ON state of the switch. In contrast, crystalline phase is highly lossy and the mode traveling through the GST suffers larger attenuation due to high absorption. Therefore, with almost negligible transmission, crystalline phase depicts the OFF state of the switch as shown in Fig.  6(b) .
IV. DISCUSSION AND CONCLUSION
In summary, we designed and numerically investigated an ultra-compact, non-resonant and hybrid Si-GST in-tegrated optical switch for high static performance. We utilized three different approaches for optimization of embedded GST to obtain high ER and low IL. For each case, FOM values are calculated corresponding to highest ER. If we consider losses incurred due to the metal electrodes deposited on the GST, the mode propagating through waveguide will suffer attenuation depending upon the placement of metal electrodes. Subsequently, the value of IL and ER will change. So, electrodes have to be deposited in such a way that the loss is minimum especially in case of the amorphous phase. In first approach H GST , and in third approach optimized H GST and H Si put together, are equal to total height of Si waveguide. Therefore, electrodes deposited on GST with a buffer layer will not affect the propagating mode. However, in second approach the optimized GST height is 90 nm and a metal electrode deposited on top of GST will attenuate the propagating mode. The results of this study reveal that variation in dimensions of GST embedded into Si waveguide leads to variation in performance of optical switch. Partially etched Si waveguide embedded with GST with size 400 nm × 180 nm × 450 nm (length × height × width) could offer switch performance with high ER of 43 dB and low IL of 2.76 dB at communication wavelength 1550 nm. The simulation results show the trade-off between ER and IL. If we consider the ER of 10 dB, the IL can be as low as 1.2 dB and corresponding active volume is also very low. Furthermore, the spectral response of this optimized switch geometry shows ER of more than 30 dB for a wavelength span of 100 nm around communication wavelength of 1550 nm. This work lays foundation for realization of ultra-low footprint, high ER, low IL and low power consuming PCM based hybrid integrated electro-optic switches, photonic memories and electro-optic modulators on silicon platform for inter-and intra-chip communication applications. 
